Based on the central role of the ubiquitin-proteasome system (UPS) in the degradation of cellular proteins, proteasome inhibition has been considered an attractive approach for anticancer therapy. Deubiquitinases (DUBs) remove ubiquitin conjugates from diverse substrates; therefore, they are essential regulators of the UPS. DUB inhibitors, especially the inhibitors of proteasomal DUBs are becoming a research hotspot in targeted cancer therapy. Previous studies have shown that metal complexes, such as copper and zinc complexes, can induce cancer cell apoptosis through inhibiting UPS function. Moreover, we have found that copper pyrithione inhibits both 19S proteasome-associated DUBs and 20S proteasome activity with a mechanism distinct from that of the classical 20S proteasome inhibitor bortezomib. In the present study, we reveal that (i) nickel pyrithione complex (NiPT) potently inhibits the UPS via targeting the 19S proteasome-associated DUBs (UCHL5 and USP14), without effecting on the 20S proteasome; (ii) NiPT selectively induces proteasome inhibition and apoptosis in cultured tumor cells and cancer cells from acute myeloid leukemia human patients; and (iii) NiPT inhibits proteasome function and tumor growth in nude mice. This study, for the first time, uncovers a nickel complex as an effective inhibitor of the 19S proteasomal DUBs and suggests a potentially new strategy for cancer treatment.
INTRODUCTION
The ubiquitin-proteasome system (UPS) targets most cellular proteins for degradation and thereby is an important regulator of cell growth and apoptosis. Cancer cells, characterized by uncontrolled mitosis, require increased synthesis of growthpromoting proteins. To maintain a balance, an elevated protein-degradation capacity is apparently needed. Furthermore, compared with normal cells, cancer cells show higher sensitivity toward proteasome inhibition. 1 Thus the UPS has become a promising target for anticancer strategies. [1] [2] [3] The 26S proteasome is composed of two major particles: the 20S core particle and the 19S regulatory particle. The first 20S proteasome inhibitor bortezomib (Velcade) was approved by US Food and Drug Administration for the treatment of multiple myeloma in 2003. 4 Many patients have benefited from the bortezomib-based therapy, and the overall survival rate of multiple myeloma has been significantly increased in the past decade. However, there are several shortcomings associated with the use of bortezomib, including relapses or resistance in some patients, severe toxic side effects and minimal effects for the treatment of solid tumors. 5, 6 Therefore, there is an urgent need to discover new potent and selective proteasome inhibitor for cancer treatment.
Deubiquitinases (DUBs) are proteases that deconjugate ubiquitin from targeted proteins. The activity of these enzymes regulates the turnover rate, localization and activation of multiple proteins, which is fundamental for protein stability, cell homeostasis and multiple signaling pathways. 7 Mutations in several DUBs have been linked to human diseases, including cancer and neurological disorders. [8] [9] [10] In humans, three DUBs are associated with the 19S proteasome: POH1/RPN11, USP14/Ubp6, and UCHL5/Uch37. The physiological roles of the 19S DUBs are not completely understood. It is generally believed that RPN11 performs ubiquitin chain amputation by cleaving the entire ubiquitin chain from the substrate in a process coupled to degradation. 11, 12 In contrast, the two cysteine-containing DUBs USP14 and UCHL5 trim ubiquitin chains from the distal end in a process antagonizing proteasomal degradation. 13, 14 USP14 and UCHL5 are suggested to provide a quality control function, ensuring short or non-degradable ubiquitinated substrates to be released from the proteasome. 15 A number of DUBs have been classified as oncogenes or tumor suppressors because of their regulatory functions on the activity of other proteins involved in tumor development. Therefore, recent studies have focused on search for novel anticancer drugs that target DUBs, especially the proteasome-associated DUBs. 7, 14 It is known that cisplatin (CDDP), a metal compound, exerts its cytotoxic effects through the formation of covalent DNA adducts. 16 The consequent genotoxic stress triggers the activation of a signaling cascade, which may lead to phosphorylation of ATM (ataxia telangiectasia mutated) and ATR (ataxia telangiectasia and Rad3-related), followed by recruitment and activation of other 1 signaling proteins, such as histone 2AX (H2AX), checkpoint kinase 1 (Chk1) and Chk2, inducing cell cycle arrest or apoptosis. [17] [18] [19] We and others have reported that metal-containing compounds could induce cytotoxicity in cancer cells via targeting the proteasome peptidases. [20] [21] [22] Pyrithione (PT) possesses excellent metal-chelating properties, and the zinc complex of PT, for example, has been found to exert significant anticancer effects. 23 Previously, we have reported that copper pyrithione (CuPT) inhibits the UPS via inhibiting both 19S proteasome and 20S proteasome activities and this inhibition has an important role in CuPT-mediated cytotoxicity. 21 In this current work, the effects of nickel pyrithione (NiPT) on UPS function and cancer cell viability were investigated. We provide direct evidence that NiPT inhibits the UPS via inhibiting the 19S proteasome-associated DUBs, but not the 20S proteasome peptidases, and that the inhibition of proteasome-associated DUBs is required for NiPT-mediated cytotoxicity, unveiling a new fundamental mechanism for the anticancer effects of nickel-containing compounds. Compared with CDDP, NiPT shows comparable effect against A549 and SMMC-7721 cells but much more potent antitumor effect against the K562, U266 and A549-DDP cells. We also investigated the cytotoxicity of NiPT in the normal cell lines. We found that LO2 cells and 16HBE cells were less sensitive to NiPT than cancer cells; the IC 50 values were 7.15 and 420 μM, respectively. Furthermore, NiPT exhibits lower cytotoxicity than CDDP does toward the 16HBE cells ( Supplementary Figures S1d and e) .
RESULTS

NiPT induces apoptosis in cancer cells
We next analyzed the dynamics of NiPT induction of cell death in K562 and A549 cells. Exposure of K562 cells to escalating concentrations of NiPT resulted in significantly increased Annexin V/propidium iodide (PI)-positive cells as detected by flow cytometry (Figure 1c ), supporting that NiPT induces apoptosis in cancer cells. It is well known that mitochondria are central to the regulation of apoptosis. We found that the integrity of mitochondrial membranes was decreased in K562 cells after NiPT treatment (Figure 1d ). Consistently, in K562 and A549 cells, the precursor forms of caspase-3, -8 and -9 were decreased and reciprocally the active forms of caspase-3, -8 and -9 were increased after NiPT treatment, in parallel to increases in poly ADP-ribose polymerase (PARP) cleavage (Figures 1e and f) . These results indicate that NiPT triggers caspase-dependent apoptosis in cancer cells.
NiPT triggers accumulation of ubiquitinated proteins We and others have reported that metal complexes could directly inhibit cellular proteasome activities. [20] [21] [22] To assess the effect of NiPT on the UPS, endogenous proteasome substrate proteins were first measured in human K562 and A549 cancer cells. We found that NiPT treatment induced dramatic increases of total and K48-linked ubiquitinated proteins in K562 cells (Figures 2a and b In addition, we created clonal HEK293 cells stably expressing a degron CL1-fused green fluorescence protein (GFPu). GFPu is a proven surrogate substrate of the UPS. 24, 25 We found that NiPT also accumulated GFPu and ubiquitinated proteins in GFPu-HEK293 cells (Figures 2e and f) . Velcade (bortezomib) is a classical 20S proteasome inhibitor, 5, 6 whereas b-AP15 is an inhibitor of 19S proteasomal DUBs. 14 We found that NiPT could induce marked increases in ubiquitinated proteins (both total and K48-linked), similarly to Velcade and b-AP15; however, CDDP showed no apparent effect on the levels of ubiquitinated proteins (Figures 2a and c and Supplementary Figure S2a) or GFPu proteins (Figure 2e ). Importantly, we also found that accumulation of ubiquitinated proteins, indicative of proteasome inhibition, occurred temporally earlier than PARP cleavage (Figures 2b and d and Supplementary  Figure S2b ), indicating that apoptosis is induced after proteasome inhibition by NiPT in K562, A549 and A549-DDP cells.
NiPT inhibits 19S proteasome-associated DUBs but not 20S proteasome activities To determine the target of NiPT, we first detected 20S proteasome peptidase activities in vitro or in live K562, A549 and A549-DDP cells. We found that NiPT, even at a dose as high as 5 μM, did not inhibit the activities of the purified 20S proteasome chymotrypsinlike peptidases, which was distinct from Velcade (Supplementary Figure S3a) . In addition, the chymotrypsin-like peptidase activities were not significantly affected by NiPT treatment in K562, A549 and A549-DDP cells under tested conditions ( Supplementary  Figures S3b-d ). These observations are consistent with the previous findings that nickel complex could not inhibit the 20S proteasome. 26, 27 Then we tested the effect of NiPT on DUB activities in cell lysates and purified 26S proteasomes. DUBs are sensitive to N-ethylmaleimide (NEM), a general inhibitor of cysteine proteases. As shown in Figure 3a , NiPT (0.5, 1.0 and 2.0 μM) yielded dose-dependent moderate inhibitory effects on the DUB activities in cell lysates; however, similar to NEM, NiPT (0.5, 1.0, 2.0 and 5 μM) could completely inhibit the DUB activities of purified 26S proteasomes (Figures 3b and c) . DUB active site labelling tests were further performed by using HA-Ubiquitin-Vinyl Sulfone (HA-UbVS). HA-UbVS is a potent inhibitor against, and can bind covalently to the active site of, UCHL5 and USP14 associated with the 19S proteasome. We found that NiPT (5 and 50 μM) was able to compete with HA-UbVS for binding both UCHL5 and USP14 (Figure 3d ). The cleavage of tetraubiquitin chains (Ub4) mediated by the 26S proteasome DUBs was also tested to further confirm this effect. K48-linked Ub chains were cleaved in the presence of 26S proteasomes and this was efficiently blocked by NiPT (5 and 50 μM) (Figure 3e ). These results suggest that NiPT targets 19S proteasome DUBs (UCHL5 and USP14).
NiPT does not induce DNA damage CDDP exerts its cytotoxic effects through formation of covalent DNA adducts. 16 Fluorescence spectroscopy and ultraviolet (UV)-visible absorption spectroscopy were applied to investigate the competitive interaction of DNA with NiPT and a fluorescence probe, ethidium bromide (EB), as shown in Figures 4a and b . The results showed that NiPT molecules cannot compete with EB to intercalate into the DNA double-helix structure. As phosphorylation of H2AX at serine 139 (γ-H2AX) has become the gold standard for the detection of DNA damage, 28 we found that CDDP, but not NiPT, produced a dose-dependent increase in the levels of γ-H2AX and phosphorylation of DNA-damage signaling proteins, including ATM, Chk1 and Chk2 in K562 (Figure 4c) . Consistently, treatment for 3 h with 2.5 and 5 μM NiPT did not induce phosphorylation of DNA-damage signaling proteins in A549 cells (Figure 4d ). However, NiPT treatment of A549 cells (3 h) increased the levels of total and K48-linked ubiquitinated proteins (Supplementary Figure S4) . These results suggest that inhibition of proteasomal DUBs rather than induction of DNA damage is responsible for induction of cell death by NiPT.
PT, rather than nickel ion, inhibits DUB activities To investigate the role of metal ions or the chelator PT in the proteasome inhibition, we used EDTA, a powerful chelating agent, to chelate Ni 2+ of NiPT as shown in Figure 5a and then investigated the effect of EDTA on NiPT-induced proteasome inhibition and cell death. We found that EDTA completely prevented NiPT from (Figure 5d ). However, nickel ion alone surprisingly did not inhibit DUB activity, while both the chelator PT and NiPT had the same potency in inhibiting DUB activity in a dose-dependent manner (Figure 5e ). By contrast, neither the chelator EDTA nor nickel EDTA complex (Ni-EDTA) inhibited the DUB activities (Supplementary Figure S5) . We then compared the effects of PT and NiPT on ubiquitinated protein accumulation in cultured cells in the presence of either 1% or 10% fetal bovine serum (FBS). We found that PT had little effect on the levels of ubiquitinated proteins (both total and K48-linked) in 10% FBS condition but induced obvious accumulation of ubiquitinated proteins in the 1% FBS condition. However, decreasing FBS from 10% to 1% did not change the NiPT-induced accumulation of ubiquitinated proteins (Figure 5f ). Furthermore, we found that bovine serum albumin (BSA) reversed PT-induced DUB inhibition more significantly than it did to NiPT (Figure 5g ). These experiments demonstrate that PT, rather than nickel ion, inhibits DUB activities, that PT is the major determinant of NiPT's potency and that Ni 2+ facilitates PT's entry into the cell.
NiPT induces cytotoxicity and proteasome inhibition in cancer cells from acute myeloid leukemia (AML) patients We next evaluated the ex vivo antineoplastic effect of NiPT on bone marrow cells obtained from six patients with AML. Peripheral blood mononuclear cells from six healthy volunteers were used as controls. As shown in Figure 6a , NiPT decreased cell viability of primary monocytes from AML patients with IC 50 values ranging from 0.110 to 0.932 μM (average: 0.479 μM) while in normal controls its IC 50 values were 1.813-3.522 μM (average: 2.372 μM). NiPT treatment for 12 h at doses ranging from 0.25 to 1.0 μM resulted in significant apoptosis in the monocytes from AML patients as detected with Annexin V/PI staining followed by flow cytometry (Figure 6b ) or by fluorescence microscopy ( Figure 6c) ; however, much higher doses (from 1.25 to 5 μM) were needed to cause a comparable amount of cell death in the monocytes from healthy volunteers (Figure 6e ). Treatment with NiPT significantly increased the level of total and K48-linked ubiquitinated proteins and of cleaved PARP in the cancer cells from AML patients, similarly to Velcade (Figure 6d ), but elicited minimal changes in the mononuclear cells from normal controls (Figure 6f ). These results demonstrate that NiPT could selectively inhibit proteasome function and induce cytotoxicity in the AML cancer cells ex vivo.
NiPT accumulates proteasome substrates and selectively inhibits tumor growth in vivo We further evaluated the in vivo effect of NiPT using nude mouse K562 and A549 xenograft models. In both K562 and A549 xenograft models, mouse body weight gradually increased in the control group while it was relatively stable in the NiPT-treated group (data not shown); the dynamic tumor growth was significantly restrained in the NiPT-treated group (Figures 7a  and d) , and the tumor weights were significantly lesser in the NiPT treatment group compared with the control in both tumor xenograft models (Figures 7b and e) . Immunohistochemistry staining revealed that the representative proteasome substrates, including total and K48-linked ubiquitinated proteins, p27, p21 and the cleavage of caspase 3 proteins, were all significantly increased in the NiPT-treated tumors (Figures 7c and f) . Together, the results show that NiPT selectively inhibits tumor growth and proteasome function in vivo.
DISCUSSION
Nickel is a metallic element that is naturally present in the earth's crust. Because of unique physical and chemical properties, metallic nickel and its compounds are widely used in modern industry. Human exposure to nickel occurs primarily via inhalation and ingestion; exposure to nickel compounds can have adverse effects on human health. Although the accumulation of nickel in the body through chronic exposure can lead to lung fibrosis and cardiovascular and kidney diseases, the most serious concern is related to nickel's carcinogenic activity. Based on the high risk of pulmonary tumor related to nickel exposure, the International Agency for Research on Cancer evaluated the carcinogenicity of nickel in 1990. 29 On the other hand, some nickel-containing complexes are designed for cancer therapy. Previous studies have shown that nickel complexes of 1, 2-naphthoquinone thiosemicarbazone and some S-methyl-thiosemicarbazones exhibited potent cytotoxic activities against human cancer cells. 30, 31 Quercetin nickel (II) complex showed significant cytotoxicity against many tumor cell lines, and the antitumor mechanism of quercetin nickel (II) complex could involve downregulation of the survivin gene and its specific interaction with DNA. 32 In this work, we explored the antitumor activity and molecular targets of the nickel ion and PT-chelating product.
The development of metal complexes such as CDDP with superior anticancer activity has had an enormous impact on cancer chemotherapy. Despite the fact that CDDP has achieved significant clinical benefit for several types of solid tumors, its effectiveness has been hampered by severe toxic side effects and drug resistance that often leads to the occurrence of secondary malignancies. The achievements of CDDP have inspired great efforts to search for novel non-platinum-containing metal species with promising anticancer activity and low toxicity. 33 In this report, we found that nickel complex NiPT showed a better antitumor activity than CDDP in K562, U266 and A549-DDP cells, with lower cytotoxic activity than CDDP in the normal liver LO2 cells and bronchial epithelial 16HBE cells. In addition to the exciting potency shown to the established cancer cell lines, we also observed that the IC 50 values of NiPT were much lower in mononuclear cells from AML patients than that from healthy volunteers ( Figure 6 ). In the nude mouse xenograft model, NiPT selectively inhibited tumor growth with relatively low toxic effect on body weight (Figure 7 ). These results demonstrate that NiPT is a promising metal-containing drug candidate with regard to cytotoxicity, providing a great potential drug candidate in future clinical cancer therapy.
It is well known that proteasome inhibition induces apoptosis. Many metals in complexes (such as copper, zinc, gold and gallium) have been reported as proteasome inhibitors. 20 Proteasome inhibition by NiPT may subsequently induce endoplasmic reticulum stress, which accumulates Ca 2+ in cytoplasm to alter mitochondrial outer membrane permeability, leading to cytochrome c and apoptosis-inducing factor release, followed by caspase activation and apoptosis.
EDTA is a potent chelator of heavy metals outside of the cell. Scanning spectrophotometry exhibits chelation of the central zinc ion from ZnPT by addition of EDTA. 36 In this paper, we found that EDTA completely prevented NiPT from inducing proteasome inhibition and apoptosis via chelating the nickel ion from NiPT. To determine the contribution of Ni 2+ or of PT to the observed pharmacological effects of the NiPT complex, we compared the effects of Ni 2+ , PT and NiPT on proteasomal DUB activities in vitro. We found that Ni 2+ by itself does not inhibit DUB activity but PT and NiPT both potently inhibit DUB activity in vitro (Figure 5e ), suggesting that PT but not Ni 2+ has the most important role in the NiPT-induced DUB inhibition. When tested in cultured cells in the presence of 10% FBS, however, NiPT but not PT led to significant accumulation of ubiquitinated proteins, although both were able to induce accumulation of ubiquitinated proteins in cultured cells in the presence of 1% FBS (Figure 5f ), suggesting that the cell entry of PT is more potently blocked by serum albumin than that of NiPT. This is confirmed by our testing the effect of BSA on the in vitro DUB inhibition effects of PT and NiPT. BSA rescued most PT-induced DUB inhibition but only slightly attenuated NiPT-induced inhibition of the DUB activity in vitro (Figure 5g ). The respective contributions of Ni 2+ and PT to the DUB inhibiting activity of NiPT is further corroborated by our experiments in which PT in NiPT was replaced with EDTA and the DUB-inhibiting activity of EDTA and EDTA-Ni was tested (Supplementary Figure S5) . The results show that neither EDTA nor EDTA-Ni inhibited DUB activity. Taken together, our data provide compelling support that PT is required for NiPT-induced DUB inhibition and that the presence of Ni 2+ in NiPT complex remarkably reduces the binding of NiPT by serum albumin and thereby promotes the entry of NiPT into the cell where NiPT induces typical proteasome inhibition.
CDDP is primarily considered as a DNA-damaging anticancer drug, forming different types of bifunctional adducts with cellular DNA. 16 Here we found that NiPT treatment was equally effective against both the CDDP-resistant A549 cell lines and the parental A549 cell lines (Figure 1b and Supplementary Figure S1b) . We also found that NiPT could not directly interact with DNA. CDDP, but not NiPT, induces phosphorylation of DNA-damage signaling proteins, including ATM, H2AX, Chk1 and Chk2, in a dosedependent manner (Figure 4) . These results show that NiPT is not a DNA-damage inducer. It is well known that heavy metal could also target proteins or enzymes. Thus there must be some other targets beyond DNA involved in NiPT induction of apoptosis. DUBs, especially proteasomal DUBs, are emerging as attractive drug targets for cancer therapies. Although inhibitors of proteasomal DUBs were recently reported and shown experimentally to exhibit anticancer effects, 37 their suitability for clinical use remains unknown. Metal-based compounds have been investigated for their potential as proteasome inhibitors in cancer therapy. In this paper, NiPT has the potential to inhibit 19S proteasome DUB activities (UCHL5 and USP14). This has been confirmed by the Ub chain disassembly test, active-site-directed labeling experiment and DUB activity assay with NiPT treatment at therapeutic doses. The DUB assay system used in this study is mainly suitable for the UCH and the USP families of DUBs. The enzymatic study confirmed that NiPT at 5 μM, similar to NEM, could almost completely inhibit proteasome UCHL5 and USP14 DUB activities (Figure 3 ). These results demonstrate that NiPT targets proteasome UCHL5 and USP14. Whether NiPT could inhibit human POH1 DUB activity needs to be investigated in the future.
Our previous studies have shown that CuPT, the chelating product of copper ion and PT, inhibits the UPS via targeting both 19S proteasome-specific DUBs and 20S proteasome peptidases. Here we found that NiPT could also inhibit 19S proteasomeassociated DUBs but not the 20S proteasome. Besides targeting proteasome DUBs, both NiPT and CuPT could inhibit some other non-proteasome DUBs in the cytoplasm as well (Figure 3a and Liu et al. 
)
In conclusion, NiPT is more selective to 19S proteasome-DUBs and has lower toxicity and higher efficiency than CuPT. Future studies need to be performed to compare effects of other metals on 20S proteasomes and 19S proteasome DUBs.
MATERIALS AND METHODS Materials
NiPT was synthesized in our laboratory. Other agents used include Velcade (BD Biosciences, San Jose, CA, USA); NEM, CDDP (Sigma-Aldrich Inc., St Louis, MO, USA); the Proteasome-Glo Chymotrypsin-like Cell-Based Assay Kit (Promega Bioscience, Madison, WI, USA); and b-AP15, Suc-LeuLeu-Val-Tyr-aminomethylcoumarin (Suc-LLVY-AMC), 20S and 26S human proteasome preparations, HA-Ubiquitin-Vinyl Sulfone (HA-Ub-VS), K48-linked tetra-ubiquitin Ubiquitin-AMC (U550) (BostonBiochem, Cambridge, MA, USA). Antibodies used in this study and their sources are: antiubiquitin (P4D1), p27 (F-8), anti-GFP (B-2) (Santa Cruz Biotechnology, Santa Cruz, CA, USA); anti-p21 Waf1/Cip1 (DCS60), anti-caspase-3 (8G10), ; the Ub-AMC substrate was then added to the reaction. The percentage of DUB activity was estimated by monitoring the change in substrate cleavage relative to controls (representing 100% activity). (f) Effect of FBS on PT/NiPT-induced accumulation of ubiquitinated proteins. A549 cells were incubated with 5 μM PT or NiPT in media with 1% or 10% FBS for 6 h, and ubiquitinated proteins were immunodetected. (g) Effect of BSA on PT/NiPT-induced DUB inhibition. Cell lysates were treated with PT (2 μM), NiPT (2 μM) and/or BSA (2 μM), and then Ub-AMC substrate was added to the reaction. The percentage of DUB activity was estimated by monitoring the change in substrate cleavage relative to controls (representing 100% activity). Mean ± s.d. (n = 3). *P o0.05. or Velcade(Vel, 50 nM) for 24 h, followed by detecting total ubiquitinated proteins (Ub-prs.), K48-linked ubiquitinated proteins (K48-) and PARP proteins with western blotting analyses. GAPDH was used as a loading control. C: control.
anti-caspase-8 (1C12), anti-caspase-9 (C9), anti-PARP, anti-cleaved caspase-8 (18C8), anti-K48-linkage specific polyubiquitin (D9D5), anti-phosphohistone H2A.X (Ser139) (20E3), anti-phospho-ATM (Ser1981) (D6H9), anti-phospho-Chk1 (Ser345) (133D3), anti-phospho-Chk2 (Thr68) (C13C1) (Cell Signaling Technology, Beverly, MA, USA); and anti-cleaved caspase-3, anti-cleaved caspase-9, anti-GAPDH (anti-glyceraldehyde 3-phosphate dehydrogenase), anti-HA-tag (Bioworld Technology, Inc., St Louis Park, MN, USA). PI and Annexin V-fluoroisothiocyanate (FITC)/PI apoptosis detection kit were purchased from Keygen Company (Nanjing, China). 4,6-Diamidino-2-phenylindole was from Invitrogen (Guangzhou, China). Enhanced chemiluminescence (ECL) reagents were purchased from Santa Cruz Biotechnology. The cell lines were purchased from ATCC (Manassas, VA, USA) and has been recently authenticated.
Cell viability assay MTS assay was performed using the CellTiter 96 Aqueous One Solution reagent (Promega, Shanghai, China) to test cell viability as previously reported. 38 Briefly, 10 000 cells were plated in each well and treated with either vehicle or NiPT and other agents for 48 h. Three hours before the cell culture termination, 20 μl of MTS assay reagent was added to each well of the 96-well plate. The absorbance density at wavelength 490 nm was read on a plate reader (Varioskan Flash 3001, Thermo, Waltham, MA, USA). IC 50 values were calculated.
Cell death assay
Apoptosis was determined via flow cytometry following Annexin V-FITC and PI double staining. 39 Cultured cells were collected and washed with the binding buffer (Sigma-Aldrich) and then incubated in the working solution (100 μl binding buffer with 0.3 μl Annexin V-FITC) for 15 min in dark; the cells were then washed and resuspended with the binding buffer. PI was added immediately before flow cytometric analysis. In addition, Annexin V/PI staining was also performed as described but in situ. The double stained cells were also imaged with an inverted fluorescence microscope equipped with a digital camera (Axio Obsever Z1, Zeiss, Jena, Germany). To monitor temporal changes in the incidence of cell death in the live culture condition, PI was added to the cell culture medium, and at the desired sequential time points, the cells in the culture dish were imaged with an inverted fluorescence microscope. 40 
Mitochondrial membrane potential
The mitochondrial membrane potential (ΔΨ m ) of cancer cells was assayed using rhodamine-123 (Sigma-Aldrich) staining as previously reported. 41 Cells treated with various concentrations of NiPT or controls were stained with 1 μM of rhodamine-123 for 1 h at 37°C. Following the staining, the cells were washed and harvested for flow cytometric analysis.
Western blotting analysis
Whole-cell lysates were prepared in RIPA buffer (1 × phosphate-buffered saline, 1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS)) supplemented with 10 mM β-glycerophosphate, 1 mM sodium orthovanadate, 10 mM NaF, 1 mM phenylmethylsulfonyl fluoride (PMSF), and 1 × Roche Complete Mini Protease Inhibitor Cocktail (Roche, Indianapolis, IN, USA). SDS-PAGE (polyacrylamide gel electrophoresis), transferring and immunodetection were performed as previously described. 42 In brief, an equal amount of total protein extracts were fractionated by 12% SDS-PAGE and electrically transferred onto a polyvinylidene difluoride (PVDF) membrane. Primary antibodies and appropriate horseradish peroxidase-conjugated secondary antibodies were used to detect the designated proteins. The bound secondary antibodies on the PVDF membrane were reacted to the ECL detection reagents (Santa Cruz Biotechnology) and detected by exposing to X-ray films (Kodak, Rochester, NY, USA). The cell lines were purchased from ATCC (American Type Culture Collection) and have been recently authenticated.
Sample collection from human subjects and the isolation and culture of human mononuclear cells Peripheral blood samples of normal control individuals were obtained from Guangzhou Blood Center and peripheral bone marrow samples of AML patients were obtained from discarded material utilized for routine laboratory tests at the Department of Hematology, Guangzhou First Municipal People's Hospital of Guangzhou Medical University. The use of these materials is approved by the Ethics Committee of these two Institutions and is with the permission of the patients and volunteers. A total of six patients with AML and six healthy volunteers were included in this preclinical study. Mononuclear cells were isolated from either peripheral blood or bone marrow samples by Ficoll-Paque (Pharmacia, Uppsala, Sweden) density gradient. The mononuclear cells were cultured in RPMI 1640 culture medium with 15% FBS.
Peptidase activity assay
Fluorogenic substrate Suc-LLVY-AMC was used to assess chymotrypsin-like activity of the 20S proteasome. 43 To evaluate in vivo proteasome inhibition, cancer cells were treated with NiPT or bortezomib for 4 h. The cells were lysed in ice-cold lysis buffer. Equal amounts of protein from each sample were then incubated at 37°C with 50 μM fluorogenic substrate. To assay for direct inhibition of the 20S proteasome in vitro, purified human 20S proteasomes were incubated with the agent to be tested for 60 min at 37°C before the addition of the fluorogenic substrate. Fluorescence intensity was measured using a spectrophotometer at excitation of 350 nm and emission of 438 nm (Varioskan Flash 3001, Thermo).
DUB activity assay
This was performed as reported.
14 Briefly, cell lysate (5 μg) or 26S proteasome (25 nM) was dissolved in ice-cold DUB buffer (50 mM Tris-HCl (pH 7.5), 250 mM sucrose, 5 mM MgCl 2 and 1 mM PMSF) and pretreated with NiPT (5 μM) or NEM (2 mM) for 15 min and then incubated with Ub-AMC substrate in a 100-μl reaction volume at 25 ℃. AMC released from substrate cleavage was temporally recorded with a microplate reader (Varioskan Flash 3001, Thermo).
DUB active-site-directed labeling assays Purified 26S proteasomes (25 nM) were dissolved in DUB buffer (25 mM Tris-HCl pH 7.4, 5 mM MgCl, 20 mM NaCl, 200 μM ATP) and then treated with NiPT (5, 50 μM) for 10 min before they were incubated with HA-UbVS for 1 h at 37 ℃, followed by boiling in the reducing sample buffer and fractionated via SDS-PAGE. After transferred to PVDF membranes, HAUbVS-labeled DUBs were immunodetected using anti-HA antibodies.
Ubiquitin chain disassembly
In vitro disassembly of purified polyubiquitin chains (K48-linked) was performed as described earlier. 44 Purified 26S proteasomes (25 nM) were preincubated with either vehicle or NiPT for 10 min in vitro before mixed with K48-linked polyubiquitin chains (1 mg) in the DUB reaction buffer for 30 min at 37°C. The reaction product was then fractionated using SDS-PAGE, transferred to PVDF membrane and assessed for the extent of chain disassembly via immunodetection of ubiquitin.
Spectroscopic studies on DNA interaction Calf thymus DNA was purchased from the Sigma Company (Steinheim, Germany). All the spectroscopic titration were carried out in the buffer containing 50 mM Tris-HCl and 20 mM NaCl (pH 7.4) at room temperature. The A 260 to A 280 ratio was 1.84, indicating that the DNA was sufficiently free of protein. The DNA concentration per nucleotide was determined by absorption spectroscopy using the known molar extinction coefficient value of 6600 M/cm at 260 nm. The UV spectrophotometric measurements were performed at a fixed concentration of NiPT while varying DNA concentration using a UV-Vis spectrophotometer, operating from 200 to 600 nm. The fluorescence spectrophotometric measurements were carried out with a spectrofluorometer; both excitation and emission slits were set as 10 nm. In competition binding complexes with EB-DNA, DNA and EB concentrations were 14 and 2 μM, respectively, while NiPT varied from 0 to 64 μM. The fluorescence spectra were measured in the wavelength range of 550-800 nm, with the excitation wavelength at 526 nm.
Nude mouse xenograft model
All animal protocols used were approved by the Institutional Animal Care and Use Committee of Guangzhou Medical University. The mice were obtained from Guangdong Laboratory Animal Monitoring Institute (SCXK2008-2002). The nude Balb/c mice were housed in barrier facilities with a 12-h light-dark cycle, with food and water available ad libitum. Approximately 1 × 10 7 of K562 or A549 cells were inoculated subcutaneously on the flanks of 5-week-old male nude mice. Seventy-two hours after inoculation, the mice were randomly assigned to two groups and treated with either vehicle (10% dimethyl sulfoxide, 30% polyethylene glycol 400 and 60% normal saline) or NiPT (5 mg/kg/day) for 15 days. Tumor volumes were recorded and calculated as we previously described. 45 Immunohistochemistry Formalin-fixed xenografts were embedded in paraffin and sectioned according to standard techniques as we previously reported. 39 Tumor xenograft sections (4 μm) were immunostained using the MaxVision Kit (Maixin Biol, Fuzhou, China) according to the manufacturer's instructions. The primary antibodies were used as indicated. In all, 50 μl MaxVision reagent was applied to each slide. Color was developed with 0.05% diaminobenzidine and 0.03% H 2 O 2 in 50 mM Tris-HCl (pH 7.6), and the slides were counterstained with hematoxylin. A negative control for every antibody was also included for each xenograft specimen by substituting the primary antibody with preimmune rabbit serum.
Statistical analysis
All the results were expressed as mean ± s.d. where applicable. GraphPad Prism 4.0 software (GraphPad Software, San Diego, CA, USA) was used for statistical analysis. Differences between two groups were evaluated for statistical significance using two-tailed Student's t-test. For testing differences among three or more independent groups, one-way analysis of variance or, when appropriate, two-way analysis of variance, followed by the Holm-Sidak test for pair-wise comparisons, were performed. P-value of o0.05 was considered statistically significant.
